Density functional calculations were performed on the metal complexes formed during the synthesis of barium zirconate (BZY). This compound has been synthesized previously, but the molecular interactions present during the formation of the ligand-metal complexes are unknown. In this study, calculations were carried out to determine the preferred coordination sites for the metal complexes. The cations Ba , and Zr 4+ were modeled to interact with two deprotonated chelating agents (citric acid [CA] and ethylenediaminetetraacetic acid [EDTA]) at strategic positions. Density functional theory (DFT) at the B3LYP level of theory with basis set 6-31G* and Universal Gaussian Basis Set (UGBS) was used. The relevant geometries, binding energies, and charge distributions of the complexes are reported. It was found that both CA and EDTA can bind the metal cations investigated in this study. Metal cations prefer to form bonds at the electron-rich sites of the chelating agents. Of the three metal cations considered, Zr 4+ was found to possess the strongest bonds to deprotonated CA and EDTA, followed by Y 3+ and then Ba 2+ .
Introduction
Currently, perovskite is one of the most studied compounds in the field of materials science. [1] [2] [3] Ceramic perovskite-type oxides, with a general formula ABO 3 where A and B are two metal cations of different sizes, have been studied due to their high conductivity and low activation energy. 4, 5 Cerate zirconate attracts much attention among perovskite-type oxides because it is important for the future development of electrochemical devices such as fuel cells, magnetic refrigeration, and solar cells. [6] [7] [8] Perovskite can be synthesized at low cost as it can be made from common metals and industrial chemicals 9 and is convenient to prepare. 7 Many researchers have investigated the role of the chelating agents in the formation of perovskite. [10] [11] [12] As the formation of perovskite involves the complexation process, the interaction between the metal and chelating agent is of utmost importance. Liu et al 12 identified that citric acid (CA) is more effective than ethylenediaminetetraacetic acid (EDTA) in forming perovskite at low temperatures (<1000 °C). When the chelating agents are used together, the combined CA and EDTA increases the chelating strength to the metal ion, as demonstrated in a study by Osman et al 11 in which the CA and EDTA were mixed into a metal nitrate solution to form metal-CA-EDTA complexes with a ratio of 2:1:1. A similar effect was also observed by Tao et al 13 in the synthesis of La 0.6 Sr 0.4 CoO 3-δ . CA has three carboxyl groups that can bind with metal cations whereas EDTA has four carboxyl and two amine groups, demonstrating that the strength of the chelating agents affects the interactions during the chelation process. 12, 14 Despite previous research showing that the use of chelating agents provides a good platform for the production of perovskites, the molecular interactions involved are still unclear. The microscopic behaviors and characteristics of the intermediate structures, as well as the ligandmetal complexes, are unknown. Furthermore, research into the microscopic properties of metal cation complexation with chelating agents is scarce.
Abdullah and Ang: Binding Sites of Deprotonated Citric Acid and Ethylenediaminetetraacetic ... Several theoretical studies into the favored sites for complexation have been carried out to find the most stable structure in the intermediate state. [15] [16] [17] Primikyri et al 15 performed DFT studies on the chelation of Zn to quercetin and luteolin in their neutral and deprotonated forms. It was found that the preferred cation bonding sites were in between the carbonyl and deprotonated hydroxyl groups of quercetin and luteolin. This is in line with the work reported by Leopoldini et al. 16 The preference of metal cations to form complexes at these sites is due to the lone pairs of electrons from the O atoms at the carbonyl and deprotonated hydroxyl groups.
In this study, we intended to confirm the important initial step involved in the one-pot synthesis of barium zirconate (BZY). Metal cations Y 3+ , Ba
2+
, and Zr 4+ were modeled to combine with two chelating agents, CA and EDTA. DFT was employed to determine the interactions between the chelating agents and the metal cations at the microscopic level. This included possible metal cation attachment sites and the electronic structure of the complexes formed. This study focusses only on the interaction between metal and chelating agent with a ratio of 1:1, therefore the effects of coordination sphere saturation in the metal ions has not been discussed.
Computational Details
In a previous study, Ba(NO 3 ) 2 , Zr(NO 3 ) 2 O.xH 2 O, and Y(NO 3 )3.5H 2 O were dissolved to produce the metal cations and form the metal-chelating agent complexes. 11 In order to portray correctly the charge state of the metal cations, they have been modeled as having the indicated positive charges in the calculations. To further facilitate the calculations, the existence of Zr 4+ in the one-pot synthesis is approximated.
The structures of chelating agents CA and EDTA were obtained from the Chemspider database. 18 CA and EDTA were deprotonated at the carboxylic acid groups (COOH), making them negatively charged as in the real system these protons would be dissociated. The deprotonated chelating agents were labeled as CA 3H and EDTA 4H . The metal cations were then attached to the chelating agents at five positions labeled P1 to P5. These positions are shown in Fig. 1 .
All calculations were carried out using the Gaussian 09 suite of programs. 19 The B3LYP functional with dual basis sets 6-31G* for C, O, N, and H atoms and Universal Gaussian Basis Set (UGBS) for metal cations was used. The D3 version of Grimme's dispersion correction with Becke-Johnson (BJ) damping was adopted in the metal-complex calculations 20, 21 to improve the dispersion energy in the B3LYP method. All the results were visualized using GaussView 22 and Chem3D molecular modeling software.
The binding energy (E b ) was used to compute the stability of the complexes. The E b of the metal complexes was calculated from the expression: 23 (1) where E M-complex is the energy of the metal and chelating agent, E chelate represents the energy of the chelating agent, and E M is the energy of the metal cation. 
Results and Discussion

1. Binding Energies
EDTA and CA are chelating agents that can bind to metal cations to form complexes. EDTA is a type of polyamino carboxylic acid that can bind to a metal via four carboxyl and two amine groups, meaning it has six sites with a lone pair of electrons. CA is a polydentate ligand and can bind to metals via three carboxyl groups with a lone pair of electrons at each. In this study, the binding energies of metal-CA 3H and metal-EDTA 4H complexes were calculated in order to determine their stability.
At the level of theory B3LYP/6-31G* and UGBS geometry optimization, the following results were obtained: E(CA 3H ) = -20626.57 eV, E(EDTA 4H ) = -29911.50 eV, E(Ba Tables 1 and 2 . A higher negative value of E b indicates higher stability of the complex. The results discussed in the preceding paragraph can be explained using electrostatic potential (ESP) maps for the molecules of CA and EDTA as illustrated in Fig. 2 . ESP enables visualization of charge distribution in the molecules using color codes. The red regions indicate more negative potential, while the blue regions indicate less negative potential (or positive potential). As displayed in Fig.  2 (a) , the most negative potential is distributed around P4 and P5, in between the central carboxyl group and on the carboxyl groups at either end of the CA molecule. These groups are susceptible to electrophilic attack, hence Ba , and Zr 4+ prefer to bind to CA at these two positions. EDTA has four carboxyl and two amine groups susceptible to electrophilic attack, therefore these sites have a high possibility of metal complexation (in Fig. 2 (b) , these sites are shown in orange). As can be seen in Table 2 , the binding energies are low at P3 and P4 compared to other positions due to the low negative potential.
At Based on Tables 1 and 2 , similar E b values are observed at P1/P2 and P4/P5 in Y-CA 3H and Zr-CA 3H complexes. This is due to the symmetrical arrangement of the atoms in CA. However, this is not observed in Ba-CA 3H , potentially due to the larger size of Ba
2+
. Similarly in the Ba-EDTA 4H complex, it is difficult for Ba 2+ to reside at any other site on EDTA due to its larger size.
2. Geometry Optimization
Geometry optimizations were performed on the metal complexes using 6-31G* and UGBS basis sets and no imaginary frequencies were observed. The stationary point of each structure where the energy was at a minimum was therefore ascertained. 29 The geometrically optimized structures of the most stable metal-CA 3H and metal-EDTA 4H complexes formed are shown in Fig. 3 In general, metal complexation marginally changes the shape of CA 3H . Ba 2+ was found most stable at P2 with bond lengths of Ba-O5 = 2.704 Å, Ba-O9 = 2.602 Å, and Ba-O11 = 2.602 Å (the optimized structure of Ba-CA 3H is shown in Fig. 3) . These results concur with findings from a previous study by Makrlik et al 30 where the bond length of Ba 2+ to oxygen atoms in the beauvericin ligand are 2.5~4.9 Å. 3+ was found to be the most stable at equivalent sites P4 and P5 (Fig. 4) . The cation bonds to three O atoms, two from the carboxyl group and one from the hydroxyl group. The bond lengths obtained for Y-O9 at P4 and P5 are 2.160 Å. Y-O13 and Y-O11 at P4 and P5, respectively, also had the same bond length at 2.155 Å. The bond length observed for Y-O5 at P4 and P5 differed by 0.001 Å. This small difference in bond length is negligible. These were in accordance with the Y-O bond lengths observed in a previous study. 31 As depicted in Fig. 5 Figs 6 to 8 show the optimized structure of the most stable metal-EDTA 4H complexes. There were significant changes to the shape of EDTA 4H after metal complexation. EDTA is able to form bonds with any metal and its chela- tion depends on the size and ionic charge of the metal cation. 33 The most stable geometrical structure of metal-ED-TA 4H shows carboxyl O atoms and N atoms moving closer to the metal cation, almost encasing it. Both O and N atoms are able to create bonds with the metal cations as they consist of a lone pair electron.
In the optimized structure of the Ba-EDTA 4H complex shown in Fig 6, Ba 2+ is found to be the most stable at P2. Ba 2+ bonds to the four nearest O atoms from the carboxyl groups with bond lengths of Ba-O1, Ba-O3, Ba-O5, and Ba-O7 are 2.764 Å, 2.750 Å, 2.710 Å and 2.725 Å, respectively. Furthermore, the geometrical structure of Ba-EDTA 4H was similar to the original structure before the addition of Ba
2+
. Several experimental studies encountered problems with BaCO 3 impurities after synthesizing a single layer of perovskites, due to the use of EDTA as the chelating agent. 11, 34 In other reports, triethylenetetraamine (TETA) has been shown to help solve the problem of BaCO 3 impurities at a lower temperature. 10, 35 This may be due to the ability of chelating agents to bind with Ba
. It can be concluded that Ba 2+ is effectively complexed by the amine group. 
Zr
4+ was similarly encased by EDTA 4H at P5 in the Zr-EDTA 4H complex (Fig. 8) . Zr 4+ was bonded to four carboxyl groups and two amine groups from EDTA 4H . EDTA 4H is able to strongly wrap around metal cations due to lone pairs of electrons from two types of ligand (carboxyl and amine groups). The interaction between Zr 4+ and EDTA 4H is the strongest with bond lengths of Zr-O5 = 2.119 Å, Zr-O6 = 2.143 Å, Zr-O7 = 2.118 Å, Zr-O8 = 2.143 Å, Zr-N9 = 2.415 Å, and Zr-N10 = 2.415 Å. The bond lengths measured were in agreement with findings by Suzuki et al, 37 where the bond length of Zr-O in [Zr (CO 3 )EDTA] 2+ was determined. Similarly, the bond length is in accordance with findings by Pozhidaev et al 38 where the bond length of Zr-O in the crystal structure of Zr-ethylenediaminetetracetate tetrahydrate was measured to within a range of 2.1~2.3 Å, and Zr-N was 2.43 Å.
Mulliken Charges
The Mulliken charges of the most stable metal-CA 3H and metal-EDTA 4H complexes are shown in Tables 3 , and Zr 4+ decrease after complexation with CA 3H and EDTA 4H . The decreasing in charge can be attributed to the transfer of electrons from CA and EDTA to the metal. 39, 40 The charge transfer in metal complexes is of utmost important as it influences the interaction between metal and chelating agent. It can be inferred that the greater the charge reduction in the metal the stronger the interaction in the metal complex. The C atoms, C2 and C3 in CA 3H and C11 to C16 in EDTA 4H (Table 4) , carry negative charges as they are bonded to C and N atoms, respectively. Both atoms attract the bonding pair of electrons to exactly the same extent. That Tables 4 and 5 ) carry positive charges as they are bonded to O. O atoms have a higher electronegativity than C atoms, meaning an O bond more strongly attracts the bonding pair of electrons compared to a C atom. Consequently, the electron pair is pulled towards the O atom, making the carbon atom positively charged. The same is observed in H atoms. All H atoms have a positive charge. H18 in CA 3H has a higher positive charge than other H atoms as it is bonded to an O atom. This is confirmed in a recent study by Gangadhara and Krishnan. 
41
Conclusion
The density functional B3LYP method was used to investigate interactions between chelating agents and metal cations in forming a specific barium zirconate (BZY) compound. The aim of the study was to determine the preferred coordinaton sites for Ba , and Zr 4+ in CA 3H and EDTA 4H . The results show that CA 3H and EDTA 4H can bind to the metal cations considered. The metal cations were observed to bind to the electron-rich sites of the chelating agents. Not all sites had the same binding energy, however. Moreover, different cations showed different bonding strengths. Based on the results, Zr 4+ complexation was found to be the most stable compared to the other complexes. Ba 2+ did not fully chelate to EDTA 4H , rendering Ba-EDTA 4H the least stable complex. The greater binding energies of EDTA, alongside its ability to bind metals through four carboxyl and two amine groups, confirm its stronger chelating power with respect to CA.
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